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Technical Objectives

The proposed program aimed to develop synthetic routes to nanocrystalline narrow
band gap semiconductors and investigate if nanocrystals can be doped with donor and
acceptor dopand. General synthetic methods for convenient preparation of these
materials were investigated and developed. The investigated materials were selected
from a well known class of narrow band gap semiconducting chalcogenides. We
assessed the potential of the nanocrystal-derived materials for achieving high
performance as thermoelectrics and found that the potential is low because of the
inability to dope the nanocrystals. One objective was to investigate their nanocrystalline
state (<50 nm), their capacity for doping with alio-valent element and impurities so that
we may control and exploit their electrical transport properties for naval related power
generation and detection applications. We discovered that nanoparticles exhibit a self-
cleaning effect and expel any alio-valent impurities that might act as dopants.

We aimed to:

» Develop synthetic routes to nanocrystals (<20 nm) of narrow band gap
thermoelectric semiconductors

+ Investigate electronic and detection applications.

« Answer the question: can nanocrystals be doped with alio-valent element and
impurities?

« Achieve dielectric state of narrow band gap semiconductors in nanocrystalline
state

« Exploit dielectric state to observe unusual or unique physical properties

Technical Approach
* Invent solution synthesis of nanocrystals of narrow gap materials, important
examples: AgPb,,SbTez.n (2<m<20), Pb4.,Sn,Te.
« Carry out doping explorations with alio-valent elements (e.g. Sb*, Ag® doping in
PbTe).
« Perform chemical and physical characterization to demonstrate that nanocrystals
are undoped



Technical Objectives

The proposed program aimed to develop synthetic routes to nanocrystalline narrow
band gap semiconductors relevant to efficient thermoelectric power generation and to a
broader set of electronic applications. General synthetic methods for convenient
preparation of these materials were investigated and developed. The investigated
materials were selected from a well known class of narrow band gap semiconducting
chalcogenides. We assessed the potential of the nanocrystal-derived materials for
achieving high performance as thermoelectrics and found that the potential is low
because of the inability to dope the nanocrystals. One objective was to investigate their
nanocrystalline state (<50 nm), their capacity for doping with alio-valent element and
impurities so that we may control and exploit their electrical transport properties for
naval related power generation and detection applications.

We aimed to:

+ Develop synthetic routes to nanocrystals (<20 nm) of narrow band gap
thermoelectric semiconductors

+ Investigate electronic and detection applications.

« Answer the question: can nanocrystals be doped with alio-valent element and
impurities?
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» Invent solution synthesis of nanocrystals of narrow gap materials, important
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- Carry out doping explorations with alio-valent elements (e.g. Sb**, Ag" doping in
PbTe).
« Perform chemical and physical characterization to demonstrate that nanocrystals
are undoped



« Measure relevant properties: thermal conductivity, energy gap,

photoluminescence, phase change, etc

Nanocrystalline AgPb,SbTen:2 and Pb,,SnTen.1 material were prepared in reverse
micellar assemblies at room temperature conditions. X-ray powder diffraction patterns
of the AgPb,SbTem+2 and Pb,,SnTem+1 Nnanocrystal are comparable to their bulk
analogs suggesting the successful incorporation of Ag, Sb or Sn into PbTe matrix.
AgPb,SbTemn+2 nanocrystals exhibit well define band energies in the mid — IR region.
Semi quantitative EDS analyses suggest that AgPb,SbTen:2 and PbnSnTem+1
nanocrystals are rich in Pb. However, further quantitative analyses should be preformed

to confirm the elemental compositions of as prepared nanocrystals.

Successful synthesis of nanocrystals of the quaternary thermoelectric
materials: AgPb,,SbTe ., (m=1-18). Nanocrystals of AgPb,,SbTe,., are not

phase-segregated by they are solid solutions.

In contrast to pure lead chalcogenides, silver and antimony containing materials,
AgPb,SbTems> or LAST-m materials (LAST for Lead Antimony Silver Telluride) have
been shown to have enhanced thermoelectric performance, with higher figure of merit
values (ZT) ranging from 1.2-1.7 at 700 K." 2 Although by many measures bulk LAST-m
materials behave as solid solutions, high resolution transmission electron microscopy
(HRTEM) studies indicate phase-segregation, with the presence of coherent,
endotaxially embedded nanodots (that are appear to be rich in Ag and Sb) in the PbTe
matrix." 2 Dimensional reduction has been shown to enhance the thermoelectric
performance of a material by increasing the boundary scattering of phonons leading to
very low thermal conductivities.> * Hence, the disposition of a nanocrystalline particle
inside a solid crystalline matrix (nanostructuring) can increase the thermoelectric
performance of bulk LAST materials resulting in higher ZT values.

However, to date, the nature of these nanodots and their full impact on
thermoelectric performance is not well understood. Therefore, we are interested in



stuying a series of nanocrystalline LAST materials, which have similar dimensions to
the nanodots found in the bulk materials and study them on their own without
interference from the matrix. Since the bulk LAST-m systems do not form solid
solutions and naturally phase-separate on the nanoscale, one key question that arises
is would the LAST-m nanocrystals phase-separate or would they be solid solutions?
This is a fundamental question which has not been answered to date. Hence, this study
is focused on the synthesis of quaternary LAST-m nanocrystals with a wide range of m
values and the detailed investigation of their structure on the atomic scale, i.e. ordering
of Ag and Sb in the nanocrystalline PbTe matrix.

The simper binary nanocrystais of PbS, PbSe, PbTe and Ag,Te have been well
investigated and reported in the literature.>” However, the reports on more complex
ternary and quaternary nanocrystalline materials are rare due to difficulties with phase
separation, limitations of suitable precursors as well as complications with solubility of
precursors in a common reaction medium. As prepared nanocrystals have spherical to
irregular geometries and are polydisperse with size distributions from 3-15 nm. The
disperesibility of LAST nanocrystals in common organic solvent is poor and attributed to
the incomplete surface passivation by the surfactants. In the present work, we report
the synthesis of a broad series of high quality, fairly monodisperse LAST-m
nanocrystals over a wide range of m values using a one-pot low temperature synthetic
approach. We show that the nanocrystals of LAST-m are in fact homogeneous solid
solutions and not further nano-segregated. We also show that they are metastable at
room temperature and phase-separate into PbTe and AgSbTe,; upon annealing at
moderately high temperatures (150-200 °C).

Nanocrystals of AgPb,hSbTem:2 (m = 1-18) with varying atomic compositions
were prepared by using oleic acid (OA) as the surfactant and octadecene (ODE) as the
reaction medium. This surfactant/solvent combination along with the lead acetate or
lead oxide as the Pb precursor have been shown to yield stable, monodisperse lead
chalcogenide nanocrystals with spherical to cubic geometries.® 7 For the synthesis of
LAST nanocrystals lead acetate, antimony acetate and a thiol stabilized silver complex
were used as the Pb, Sb and Ag precursors and elemental tellurium dissolved in
trioctylphosphine (TOP) was used as the tellurium source. LAST nanoparticles were



synthesized by simultaneously reacting a mixture of lead oleate, antimony oleate and
thiol stabilized silver complex with Te/TOP at 150 °C.

AgPbn,SbTenmn+2 nanocrystals with six different atomic compositions (m = 1-18)
were prepared by varying the molar ratio of Pb, Ag and Sb precursors. Nanocrystals
with higher m values (m = 4, 6, 8 and 18) form stable colloidal suspensions in most of
the common non-polar solvents (hexane, chloroform and toluene). However the stability
of the nanocrystal suspensions decreases with decreasing m values. AgPbSbTe; and
AgPb,SbTe, nanoparticles are less stable in colloidal solutions and tend to precipitate
within 1-2 days. We presume that the poor stability of lower m LAST nanocrystals is
due to the low affinity of Sb and Ag towards oleic acid ligands. Hence, at low m values
the larger number of Ag and Sb atoms present on the surface of the nanocrystals are
weekly passivated by the oleic acid ligands. Consequently, nanocrystals tend to
aggregate and precipitate out of the solution. In contrast, at higher m values the
nanocrystal surface is rich in Pb and they are strongly passivated by oleic acid ligands.

Powder X-ray diffraction (PXRD) patterns of the LAST nanocrystals suggest that
as-prepared nanocrystals were crystalline with characteristic cubic NaCl structure and

Fm3m space group (Fig. 1a). Diffraction spectra are shifted to larger 2angles
suggesting incorporation of Ag and Sb into the PbTe lattice. The lattice parameters lie
between AgSbTe; and PbTe and decrease systematically from higher to lower m values
(Vegard's law is generally obeyed) suggesting a solid solution behavior (Fig. 1b). The
average crystallite size calculated based on line broadening of the Bragg reflections are
in the range of 7.5 — 13.4 nm.?® Additionally, we did not observe any impurity peaks that
correspond to AgzTe, SbaTes, elemental Ag, Sb or Te.

The elemental compositions of the LAST nanocrystals were measured with
energy dispersive spectroscopy in a scanning electron microscope (SEM/EDS) and X-
ray fluorescence (XRF) spectroscopy. The results are listed in the Table 1. In general,
both EDS and XRF analyses suggest that as-prepared nanocrystals are richer in Pb

and Te than the nominal amounts used in the synthesis.
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Figure 1. [a] Powder X-ray diffraction patterns of the AgPb;,SbTen.2 (m = 1-18) nanocrystals. The ICDD-
PDF overlays of cubic PbTe (PDF # 08-0028) is shown as vertical lines. [b] A plot showing the change in
lattice parameter (calculated based on the PXRD spectra) with the nominal atomic composition of
AgPb,,SbTe.; nanocrystals.

Transmission electron microscopy (TEM) images of LAST nanocrystals without
any size selective processing are shown in Fig. 2a-e. The as-prepared LAST
nanocrystals are nearly spherical in shape and the average particle size is in the range
of 8.5 — 14.7 nm for all compositions. Selected area electron diffraction patterns
collected from ~ 200 nm? area of AgPbeSbTes and AgPbsSbTeg nanocrystals (Fig. 2b
and 2c insets) show that the main diffraction rings correspond to the NaCl structure
type. The lattice fringes in the high resolution TEM image shown in Fig. 2f are those of
the (200) plane of AgPbesSbTes. In order to confirm that the nanocrystals are a
homogeneous single phase, EDS spectral images were collected in scanning
transmission electron microscopy (STEM) mode using a 1 nm scanning probe and EDS
analysis. STEM image, EDS spectrum and elemental maps recorded from a single
AgPbsSbTeg nanoparticle are shown in Fig. 3a-f. EDS spectra show the peaks of Ag,
Pb, Sb and Te in the single nanopatrticle. Elementals maps generated based on the
EDS spectra show that Ag and Sb atoms are evenly distributed in the PbTe lattice



confirming the solid solution behavior. Consistent with the elemental maps, the EDS
line profiles recorded from a series of AgPb,SbTeg nanopatrticles in the STEM mode in
high resolution SEM (Fig. 3g-h) and the TEM show that Ag, Pb, Sb and Te signals rise
and fall together as we move from particle to particle, suggesting that there is no phase
separation in the nanoparticles. Similar results were obtained from nanocrystals of
AgPbsSbTes and AgPbsSbTes which supports the view that nanoparticles obtained
from this route are single phase and not a phase separated collection of Ag,Te, PbTe,
Sb,Tes nanocrystals. This observation is in contrast to the bulk quaternary LAST-m
systems, which are nano-segregated.

The LAST-m nanocrystals prepared by this colloidal route exhibit well defined
band Qap energies in the mid-IR region (Fig. 4). The band gap onset values estimated
based on the absorption spectra are in the range of 0.42-0.45 eV. This is consistent
with the expected quantum confinement effect where the band gap energies of the
nanocrystals are significantly larger than those of the bulk LAST materials (0.26-0.28
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Figure 2. TEM images of the (a) AgPb,SbTe, (b) AgPb,SbTe; (c) AgPbsSbTes (d) AgPbsSbTe,, (e)
AgPb15SbTez nanocrystals. Insets in (b) and (c) show the selected area electron diffraction pattern from a

~200 nm? area of nanocrystals. The diffractions rings are indexable to a cubic Fm3m lattice. (f) HRTEM

micrograph of AgPbsSbTes nanocrystals from part (c) showing a regular NaCl —type crystal structure
viewed down the {200] direction.



The LAST-m nanocrystals, which are solid solutions at room temperature tend to
phase-separate or segregate at moderately high temperature (150-200°C). PXRD
patterns of AgPb,sSbTes nanocrystals annealed at 25-100 °C show the growth of
crystallite size from 6.3 nm to ~ 14.5 nm without any significant change in the structure.
When the AgPb,SbTeg nanoparticles are annealed at 150°C for 60 min, however we
observed the diffraction peaks of nanocrystalline AgSbTe, and PbTe suggesting phase
separation. Upon further annealing (> 300 °C) for a longer time (> 180 min) the particles
tend to phase separate into a mixture of Ag,Te, Sh,Te; and PbTe. Consistent with the
PXRD analyses, differential scanning calorimetric (DSC) analysis of AgPbsSbTeg
nanoparticles shows two exothermic peaks at ~150 °C and ~300 °C, which corresponds
to these phase transitions. These observations are consistent with those of the bulk
LAST materials prepared by conventional solid state reactions (>800 °C), which shows
the nanoscale segregations of Ag and Sb within the crystalline PbTe matrix.?
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Figure 3. (a) STEM image of AgPb,SbTeg nanocrystal acquired in the TEM and the (b) corresponding
ENS spectrum showing the presence of all the expected elements in a single nanoparticle. STEM/EDS
elemental maps of (c) Ag (d) Sb (e) Pb (f) Te created based on the EDS spectrum. (g) STEM image of
AgPb,SbTes nanocrystals acquired in the HRSEM and (h) a line scan through several individual particles
(from A to B) showing the presence of all expected elements in AgPb,SbTes nanocrystals.
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Figure 4. Mid IR absorption spectra of the AgPb,SbTemn.2 (m = 1-18) nanocrystals. All samples were
stirred with a 0.5 M hydrazine in acetonitrile solution at 25 °C for 2-3 days and dried under vacuum at 25
°C before the analysis.

In order to find out the morphological and structural changes in nanocrystals
upon annealing, we preformed in-situ TEM annealing of AgPbsSbTeg at 150 °C and 200
°C. AgPb4SbTeg nanocrystals deposited on an amorphous carbon coated Cu grid was
mounted on a Gatan heating stage and the sample temperature was raised to desired
value using a hot stage controller with built-in temperature ramping program. The
structural and morphological changes of the nanocrystals were monitored by recording
TEM images at regular intervals. The TEM images captured at 150 °C and 200 °C
annealed samples (>120 min) show no morphological changes i.e. the nanocrystals
remain intact, suggesting the phase separation/segregation occurs within the
nanocrystals. Consistent with the PXRD analysis, electron diffraction patterns collected
from AgPbsSbTes nanoparticles annealed at 150 °C shows the reflections of AgSbTe;
and PbTe.

The entire series of LAST-m nanoparticles can be successfully synthesized using
a low temperature one-pot colloidal synthetic route. The quaternary nanoparticles are

spherical in shape and are fairly monodisperse with absorption band onsets in the mid-



IR region. The LAST-m nanoparticles are solid solutions but undergo phase
transformation to AgSbTe; and PbTe at ~150-200°C. Our approach for the synthesis of
LAST nanocrystals is cost-effective and facile. It is remarkable that quaternary
nanoparticles can be stabilized in this fashion. To our knowledge, the AgPb,SbTem.; is
the only quaternary system known to successfully produce nanocrystals. 1t will provide
insight for the synthesis of other thermoelectrically relevant ternary and quaternary
nanoparticles with control over size and dispersity. The solution stability and
processability of these semiconducting nanoparticles makes them useful for thin film
preparation and device applications. Hence, we are currently investigating the use of
these quaternary nanoparticles for thin fiim transistors as well as ordered lithographic
patterning to make nanoparticle arrays for sensing, photovoltaics and thermoelectric
applications.

Table 1. Comparison of nominal and experimental m values, elemental compositions, average crystallite sizes,

lattice parameters and optical band gaps of AgPb,SbTems2(m = 1, 2, 4, 6, 8 and 18) nanoparticles.

Nominal m Experimental Elemental composition [b] Crystallite Lattice Band gap
value m value [a] size [nm] parameter [A] [eV]
1 2.44 EDS: Ago.41PbSbosaTez 11 6.8+0.2 6.423(2) 0.44
XRF: Ago,agprbo g7T€284
2 3.03 EDS:AgoessPb2SbossTes s 69102 6.441(2) 043

XRF: Agos1Pb2SbossTes s

4 3.96 EDS: Ag101PbaSbyasTes 12 76102 6.451(2) 0.43
XRF: AgossPbaSbo7eTessr

6 7.69 EDS: Ago7sPbsSb1.02Tes 10 82102 6.487(2) 0.44
XRF: Ago.s1PbeSbo g2Tee 42

8 9.87 EDS: Ago.s1PbgSby 0sTes a7 85102 6.498(2) 0.43

XRF: Ago72PbsSbo g1 Teg 7o

18 257 EDS: Ago7Pb1gSb1 osTess7 84102 6.539(2) 0.45
XRF: Agos7Pb1sSbogsTes7 s

[a) Calculated based on the molar ratio of Pb : Ag. [b] Average composition from 5 individual
measurements.
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Forming new compounds as nanocrystals which do not exist in the bulk:

The solid solutions Pb,,Sb,Ten+1.5n

We achieved the synthesis of a series of monodisperse Pb,Sb,Tem+1sn
nanocrystals by employing a low temperature colloidal synthetic strategy. Unlike the
bulk lead-antimony-telluride materials, as synthesized nanocrystals are solid solutions
with cubic NaCl-type structure. These ternary nanocrystals exhibit well defined band
energies in the mid-IR region, which are nearly independent from their atomic
compositions. Pb,hSb,Tem+1.5n Nanocrystals behave as metastable homogenous solid
solutions from 25-200 °C and tend to phase separate into PbTe and Sb,Tes at high
temperature conditions (>300 °C).

Bulk lead-antimony-tellurides are a system of two immiscible thermoelectric
materials: PbTe-Sb,Tes;, which exhibit composite structures in the micro and nanometer
scale.*"" This has been researched by a number of groups as a candidate for
thermoelectric devices by utilizing phase transformation reactions such as
solidification,'? eutectoid reactions'*" and precipitations.'® Equilibrium phase diagram

of ternary PbTe-Sb,Te; system suggest the formation of an intermediate phase
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Pb.SbsTe1 which is stable only at a narrow temperature range that is closer to the its’

eutectic point.*'?

However, during a typical solidification process metastable
Pb,SbeTeys is formed as the main constituent and the decomposition of that occurs via
a eutectoid reaction, requiring long range atomic diffusion. Since the typical
solidification processes are too fast for long range atomic diffusion and rearrangements,
the resulting intermediate Pb,SbeTes1 compound decomposes into binary PbTe and
SbyTes; forming nanoscale lamellar structures of SbyTe; in the PbTe matrix. '3 Hence,
bulk PbTe-Sb,Tes system always behaves as a pseudo-binary system and doesn't form

solid solutions at or near room temperature conditions.

Nanocrystalline materials display unique size-tunable physicochemical
properties that are distinct from their bulk counterparts.'®!” Specifically, in
nanocrystalline semiconductors, the size-tunable optical and electronic properties are
observed because of the quantization of the energy levels.'®*?° Recently, we reported
that the more complex ternary and quaternary nanocrystalline materials could display
unusual structural and optoelectronic properties that are quite different from their bulk
counterparts. Examples include nanocrystalline thermoelectrically relevant materials of
AgPb,,SbTen.+2, which exhibit solid solution behavior up to 200 °C.?' Since the PbTe-
Sb,Te; system does not form solid solutions at ambient conditions, and naturally phase
separate into binary PbTe and Sb,Tes, It would be interesting to investigate the nature
of the nanocrystalline PbTe-Sb,Tes system with similar atomic composition to their bulk
materials, i.e. would they be a solid solution or would they naturally phase separate into
binary PbTe and Sb,Tes; nanocrystals. Hence, our goal for this work is to synthesize a
series of ternary PbTe-Sb,Te; nanocrystals with a range of atomic compositions and
the detailed investigation of their structure on the atomic scale. We show that the
nanocrystals of PbTe-Sb,Tes are in fact homogeneous solid solutions and not further
phase-segregated. We also show that they are metastable at room temperature and
phase-separate into binary PbTe and Sb,Tes upon annealing at moderately high
temperatures (>300 °C).

Materials: Trioctylphosphine (TOP, 90%), tellurium powder (99.9%), 1-
octadecene (90 %), oleic acid (90%), bis[bis(trimethylsilyl)aminoltin(ll), lead acetate

12



trihnydrate, antimony acetate, anhydrous ethanol, hexane, carbon tetrachloride, acetone
and ethanol were purchased from Aldrich. A 1.0 M Te/TOP solution was prepared in the
nitrogen glove box by dissolving 2.552g (20 mmol) of elemental tellurium in 20 mL of
TOP at 150 °C. All other chemicals were used without further purification.

Example of Synthesis of PbmSbyTem«1s, nanocrystals: All syntheses were
carried out under air-free conditions using a Schlenk line. In a typical synthesis of ~ 10
nm Pb,Sb,Temn+15n nanocrystals, stoichiometric amounts of lead acetate trihydrate,
antimony acetate, 4.0 mL of oleic acid and 20 mL of octadecene was placed in a 100
mL Schlenk flask and dried under vacuum at 100 °C for 3-4 h to obtained a
homogeneous colorless solution. The reaction flask was flushed with nitrogen, and the
temperature was raised to 180 °C. At 180 °C, appropriate amount of Te/TOP solution
(Table 1) was shiftily injected. Upon injection instantaneous nucleation occurs resulting
in a brown-black color solution. The temperature of the resulting mixture was
maintained at 160-150 °C for 2 min. and the reaction was then cooled to room
temperature using an ice-water bath. The resulting nanocrystals were precipitated by
adding a mixture of ethanol/hexane (1:1) followed by centrifugation. A black pellet of
PbnSbaTemn+1.5n nanocrystals was isolated by pouring off the supernatant solution. The
resulting nanocrystals were suspended in chloroform and re-precipitated with ethanol.
The purified nanocrystals could be dispersed in hexane, chloroform, carbon
tetrachloride or tetrachloromethane to form stable colloidal suspensions.
PbnSb,Tem+15n nanocrystals with different atomic compositions were prepared by

varying the molar ratio of Pb, Sn and Te precursors as shown in the Table 1.

Table 1. The molar ratio of the Pb(CH;COO),.3H,;0, antimony acetate and Te/TOP used for the synthesis of
Pb,,Sb,Ten+ 5, Nanocrystals.

Nominal Pb(CH,C00),.3H,0 Sb(CH;COO0), Te/TOP

composition
PbSbTez‘s

1.5 mmol, 0.5689 g 1.5 mmol, 0.4476¢g 3.75 mmol, 0.4785 g
szSbTels

2.0 mmol, 0.7586 g 1.0 mmol, 0.2984 ¢ 3.50 mmol, 0.4466 g
Pb4SbT€5.5

2.4 mmol, 0.9104g 0.6 mmol, 0.1790 g 3.30 mmol, 0.4211¢g

13



Characterization: A INEL CPS120 X-ray powder diffractometer with a graphite
monochromatized Cu Ka radiation was used for X-ray powder diffraction
measurements. Nanocrystal samples were deposited on a glass holder coated with a
thin layer of grease and the diffraction patterns were recorded at 20 kV and 40 mA
operating conditions. Elemental compositions were obtained using an in situ EDS unit
(Oxford Inc.) attached to a Hitachi S-3400 scanning electron microscope. Nanocrystal
samples were sprinkled on carbon adhesive tabs placed on an aluminum stub, and
EDS data were acquired at 25 keV in secondary electron mode. Additionally, an in situ
EDS unit (Oxford Inc.) attached to the JOEL FasTEM 2100 HR TEM analytical electron
microscope is used to further confirm the nanocrystal composition. ICP measurements
were carried out by dissolving nanocrystal powder in aqua-regia (HNO3;: HCI, 1:3
volumetric ratio) followed by diluting with ultra pure water. A Thermo Scientific Nicolet
6700 model FT-IR spectrometer is used to record the IR spectra of nanoparticles. All
samples were stirred with a 0.5 M hydrazine in anhydrous acetonitrile at 25 °C for 2-3
days to remove the surfactants and vacuum dried at 25 °C for 2 days before the
analysis. The transmittance versus wavelength data collected was used to estimate the
band gap of the materials by converting transmittance to absorption using Kubelka-
Munk fuction.”? The TEM analyses were conducted in the dark field and bright field
modes using a JOEL FasTEM 2100 HR TEM analytical electron microscope operating
at an accelerating voltage of 200 kV. Samples were prepared by depositing a drop of
nanocrystal suspension in anhydrous hexane or chloroform onto the carbon-coated
copper grids and evaporating the solvent. The average particle sizes were manually
estimated by measuring the size of 300-400 individual nanoparticles in several TEM
images. Elemental maps and the spectral line profiles of the nanocrystals were
obtained in STEM mode using a 1 nm scanning probe and the EDS microanalysis. For
Annealing studies nanocrystal powder samples were placed in ceramic crucibles and

annealed under vacuum at different temperatures for different time periods.

A series of Pb,Sb,Tem+1.5n Nanocrystals was prepared by reacting a mixture of
lead oleate and antimony oleate with elemental Te dissolved in TOP. The reaction time
was fixed at 2 min. to assure the formation of monodisperse nanocrystals with

approximately 10 nm in size. All compositions make highly stable colloidal suspensions
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in common non-polar organic solvents. We observed that the amount of Sb
incorporated into PbTe lattice can be increased with increasing nominal concentration
of antimony. Unlike in the case of Pb1.,SnsTe, additional surfactants are not necessary
to incorporate stoichiometric amount of Sb into the PbTe lattice. We assume that this
behavior is because the oleic acid ligands can form strong complexes with both Pb**
and Sb*>*, which could ultimately lead to the stabilization of Sb fraction incorporated in to
the PbTe matrix.

Powder X-ray diffraction spectra of the Pb,Sb,Tem+15n nanocrystals suggest that
as-prepared nanocrystals are highly crystalline with characteristic cubic NaCl-type
structure and Fm3m space group (Figure 1A). The diffraction patterns are shifted to
larger 2_langles confirming the incorporation of Sb into the PbTe lattice. Lattice
parameters calculated based on PXRD measurements show a systematic decrease
with increasing Sb concentration (Figure 1B). The average crystallite size calculated
based on the line broadening of the Bragg reflections was found to be in the range of
8.6 — 9.1 nm for all compositions.? Unlike in the bulk PbmSb,Tem+1sn we did not
observe phase separation or the presences of impurities that correspond to Sb;Tes,
elemental Pb, Sb or Te.

Intensity (arb. units)
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Figure 1. (A) Powder X-ray diffraction spectra of (a) PbSbTe, s (b) Pb,SbTess, (¢) PbsSbTess
nanocrystals. (B) A Plot showing the change in lattice parameters with Sb concentration. The ICDD-PDF
overlays of cubic PbTe (PDF # 08-0028) is shown as vertical lines in part [A].

The elemental compositions of the Pb,Sb,Tem+1.5, Nanocrystals were measured with

energy dispersive spectroscopy attached to a scanning electron microscope
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(SEM/EDS) as well as using the inductively couple plasma emission spectroscopy
(ICP). The average results are listed in the Table 1. In general, both SEM/EDS and ICP
analyses suggest that as-prepared nanocrystals are richer in Pb and Te than the
nominal amounts used in the synthesis. Nevertheless, the amount of Sb fraction

incorporated into PbTe is significant and closer to the nominal composition.

Table 1. Comparison of nominal x values, elemental compositions, average crystallite sizes, lattice parameters and

optical band gaps of Pb,,Sb, Ten. s, Nanoparticles.

Nominal x Elemental Composition Crystallite size | Lattice parameter [A] Band gap
value DS TCPP [nm} [eV]
PbSbTez5 Pb]j]SbTez_g Pb,.67SbTe3_52 9:1:£10:2 6.43 1(2) 0.44
szSbTC‘H sz_glste4_31 sz_eSbTe.‘jz 8.6 0.2 6489(2) 0.45
Pb,SbTes s Pby 13SbTes 08 Pby 91SbTes 46 8.9+ 0.2 6.522(2) 0.43

* Average composition from 5 individual measurements from SEM/EDS and TEM/EDS.

® Average composition from 3 individual measurements using ICP.

Transmission electron microscopy (TEM) images of Pb,Sb,Tem:1.5n Nnanocrystals
without any size selective processing are shown in Figure 2a-c. The as-prepared
nanocrystals are monodisperse with average particle sizes of 9.5 nm, 9.1 nm and 9.7
nm for PbSbTe; 5, Pb,SbTes s and Pb,SbTes s nominal compositions. These values are
consistent with the average crystallite size calculations from the PXRD measurements.
Selected area electron diffraction pattern collected form a large area of nanocrystals
displays the main diffraction spots corresponding to a cubic NaCl-type lattice. Unlike the
Pb1xSn,Te nanocrystals prepared in a mixture of octadecene and oleylamine, as
synthesized Pb,,Sb,Ten.1 5, Nanocrystals are spherical in shape and are highly
monodisperse. We assume this behavior is due to the oleic acid ligands which can
effectively passivate both Pb?* and Sb** ions leading to the formation of spherical
particles.
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Figure 2. Transmission electron micrographs of the as-synthesized (a) PbSbTe,s (b) Pb,SbTes s, (c)
Pb,SbTess nanocrystals. (d) High resolution TEM image of the Pb,SbTes s nanocrystals from part (b)
reflecting the highly crystalline nature of the as synthesized nanocrystals.

In order to confirm that these nanocrystals are homogenous single phase EDS spectral
images were collected in scanning transmission electron microcopy using a 1 nm
electron probe and the EDS microanalysis. The STEM image, EDS spectrum and the
elemental maps generated based on the EDS spectrum of a single PbsSbTes 5
nanoparticle are shown in Figure 3a-e. EDS spectra show the peaks of Pb, Sb and Te
in the single nanoparticle. Elementals maps generated based on the EDS spectra show
that Sb is evenly distributed in the entire PbTe lattice confirming the solid solution
behavior. Similar results were obtained from nanocrystals of other compositions which
support the view that nanoparticles obtained from this route are homogeneous solid
solutions and not a phase separated collection of PbTe and Sb,Tes nanocrystals. This
is in sharp contrast to the bulk lead-antimony-telluride materials which are phase
segregated.
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Figure 3. (a) STEM image of Pb,SbTe; s nanocrystals and the (b) corresponding EDS spectrum, showing
the presence of the expected elements in the nanocrystal. STEM/EDS elemental maps of (¢) Pb (d) Sb (e)
Te created based on the EDS spectrum.

As synthesized Pby,Sb,Tem+1.sn Nanocrystals exhibit well defined band energy
gaps in the mid IR region (Figure 4). The band gap onset values estimated based on
the absorption spectra are in the range of 0.42-0.45 eV and found to be nearly
independent of the atomic composition. Nevertheless, these absorption onset values
are consistent with the expected quantum confinement effect where the band gap

energies of the nanocrystals are significantly larger than those of the bulk materials
(0.27-0.28 eV).
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Figure 4. Mid IR absorption spectra of the (a) PbSnTe, 5 (red) (b) Pb,SbTe; 5 (blue)and (c) PbsSnTes s

(brown) nanocrystals. All samples were stirred in 0.5 M anhydrous hydrazine for 2-3 days at room
temperatures and vacuum dried before the analysis.
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The Pb,Sb,Tem+1.5n Nanocrystals, which behave as solid solutions at room
temperature, tend to phase-separate or segregate at moderately high temperature
(150-200 °C). PXRD patterns of PbsSbTes s nanocrystals annealed at 25-200 °C for 3-
4 h show the growth of crystallite size from 9.1 to -16.5nm without any significant
change in the structure. However, when the PbsSbTes 5 nanoparticles are annealed at
300 °C for 4 h, we observed the diffraction peaks of nanocrystalline Sb,Tes and PbTe in
the PXRD spectrum suggesting phase separation (Figure 5c). These observations are
consistent with those of the bulk lead-antimony-telluride materials prepared by

conventional solid state reactions, which shows the phase separation.

/ ‘\. # |‘~J!.
N\ M) e

| A An A €

J .{ rul\_,'ll LA Py b

M

20 40 '

Intensity (arb. units)

80 100
20 (Degree)

Figure 5. Powder X-ray diffraction spectra of Pb,SbTes 5 nanocrystals annealed at (a) 25 °C (b) 200 °C
and (c) 300 °C for 4 h under vacuum. The ICDD-PDF overlays of cubic PbTe (PDF # 08-0028) is shown
as vertical lines. The diffraction peaks marked by # in spectrum (¢) corresponds to hexagonal Sb,Tes
(ICDD-PDF # 15-0874).

In summary, a series of Pb,,SbnTem+1.5n Nanoparticles were successfully synthesized by
using a low temperature one-pot colloidal synthetic route. The ternary nanoparticles are
highly monodisperse with absorption band onsets in the mid-IR region. Structural
characterization of nanocrystalline LAST-m suggests that they behave as a metastable
solid solution from 25-200 °C and undergo phase transformation to Sb;Te; and PbTe
above 300 °C. It is remarkable that ternary lead-antimony-telluride materials can be

stabilized in this fashion in the nanometer scale. The contrast between the bulk
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materials, which are largely phase-separated, and the corresponding nanodots, which
are not, will help guide our future thinking and understanding of the behavior of the bulk
systems. It will also provide insight for the synthesis of other thermoelectrically relevant
ternary and quaternary nanoparticles with control over size and dispersity. The solution
stability and processability of these semiconducting nanoparticles renders them useful
for thin film preparation and device applications. Hence, we are currently investigating
the use of these quaternary nanoparticles for thin film transistors as well as ordered
lithographic patterning to make nanoparticle arrays for sensing, photovoltaics, and
thermoelectric applications.
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